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Translocator proteins (TSPOs) bind steroids and porphyrins, and they are implicated in many human diseases, for which they serve as biomarkers and therapeutic targets. TSPOs have tryptophan-rich sequences that are highly conserved from bacteria to mammals. Here we report crystal structures for Bacillus cereus TSPO (BcTSPO) down to 1.7 Å resolution, including a complex with the benzodiazepine-like inhibitor PK11195. We also describe BcTSPO-mediated protoporphyrin IX (PpIX) reactions, including catalytic degradation to a previously undescribed heme derivative. We used structure-inspired mutations to investigate reaction mechanisms, and we showed that TSPOs from Xenopus and man have similar PpIX-directed activities. Although TSPOs have been regarded as transporters, the catalytic activity in PpIX degradation suggests physiological importance for TSPOs in protection against oxidative stress.
T he translocator protein (TSPO) is named for its putative roles in the transport of cholesterol, proteins, and porphyrins into mitochondria and elsewhere (1) . TSPO was first identified as a peripheral-type benzodiazepine receptor in mammals (2)-attracting attention because of popular anxiolytic benzodiazepines such as diazepam (Valium)-and the tryptophan-rich sensory protein TspO of photosynthetic bacteria proved to be homologous (3) . The sequences of TSPO proteins from diverse organisms are highly conserved in sequence ( fig. S1 ) and also in function; notably, rat TSPO can substitute for the bacterial protein as a negative regulator of photosynthesis gene expression in Rhodobacter sphaeroides (4).
Benzodiazepine-like chemicals, such as PK11195, were found to bind to TSPO and regulate steroid biosynthesis (5) , and porphyrins were identified as endogenous ligands of rat TSPO, with highest affinity for protoporphyrin IX (PpIX) (6) . Many following studies have pursued TSPO interactions with cholesterol and PpIX (7, 8) . Most recently, the seeming essentiality of TSPO for steroidogenesis (9) has been challenged by the finding that TSPO1
−/− mice are viable and without defects in steroid hormone biosynthesis (10) , and the presumed role in PpIX transport (11) has been amended by the discovery that bacterial TSPOs catalyze a photooxidative degradation of PpIX (12) . Although the underlying biochemical mechanisms for its activities are not fully understood, TSPO has elicited considerable interest for medicine. Roles for TSPO have been imputed in apoptosis (13) , inflammation (14) , HIV biosynthesis (15) , cancer (16), Alzheimer's disease (17) , and cardiovascular diseases (18) . TSPO is a therapeutic target (13, (18) (19) (20) and has proven useful as a positron emission tomography-imaging biomarker (14, 17, 21, 22) .
The translocator protein has been characterized in monomer, dimer, and higher oligomeric states (20) . An electron microscopy structure for TSPO from R. sphaeroides (RsTSPO) revealed a dimer (23) , and a nuclear magnetic resonance structure for a mouse TSPO showed a monomer comprising five transmembrane helices (24) .
We produced recombinant TSPO proteins from several bacterial and vertebrate organisms and found Bacillus cereus TSPO (BcTSPO) suitable for biochemical and structural characterization (see supplementary materials and methods). By size-exclusion chromatography, detergent-extracted BcTSPO exists in at least three different oligomeric states ( fig. S2A ). Apo BcTSPO crystallized from the monomer-dimer fraction ( fig. S2 , C and D) in two different lipidic cubic phase (LCP) conditions and also from the high-oligomer fraction as a detergent micelle; the BcTSPO-PK11195 complex crystallized as a dimer in LCP. A structure obtained by single-wavelength anomalous diffraction analysis from iodinated BcTSPO ( fig. S2E ) was the starting point for native structures that followed (tables S1 and S2). Refinements yielded structures at 1.7 Å (Fig. 1, A to E, and fig. S3 ) and 2.0 Å resolution for apo monomers in LCP, at 4.1 Å resolution for the apo dimer in detergent (Fig. 1F) , and at 3.5 Å resolution for the dimeric ligand complex in LCP (Fig. 1G) .
Each BcTSPO protomer has five transmembrane (TM) a helices organized in clockwise order (TM1-TM2-TM5-TM4-TM3), as viewed from the C-terminal end (Fig. 1, A and B, and fig. S1 ) where a short extra-membranous helix (a 1,2 ) between TM1 and TM2 caps a C-terminal pocket (Fig. 1C) . The electrostatic potential surface defines a transmembrane orientation (Fig. 1C) having its N-terminal end heavily positive, likely cytoplasmic in B. cereus, and its C-terminal end largely negative ( Fig. 1D and fig. S4 , A to D). A mapping of sequence conservation onto the molecular surface shows a conservative band between TM2 and TM5, a highly conserved pocket opening between TM1 and TM2, and features more conserved at the C-terminal end than on most of the exterior (Fig. 1E and fig. S4 , E to H).
All four crystallized copies of BcTSPO are very similar: The two apo monomers have a rootmean-squared deviation (RMSD) of 0.64 Å for Ca positions, differing most in the TM1-TM2 loop, and protein conformations are essentially identical whether with or without the PK11195 ligand (Ca RMSDs between the 1.7 Å resolution apo monomer and subunits A and B of the PK11195 dimer are 0.51 and 0.59 Å, respectively). Dimeric associations in the detergent micelle and in LCP are also nearly the same (Fig. 1, F and G) , although the apo micelle may be a swapped dimer. The associated chains are cleanly resolved in the liganded complex.
In comparing our structures of BcTSPO to that published for the mouse protein Mus musculus TSPO1 (MmTSPO1) (24), we found limited similarity apart from the topological order of helices. Comparing all 148 residues in common between the two models ( fig. S1 ; 26.6% identity), the Ca RMSD equals 4.90 Å (PDB IDs 4RYQ versus 2MGY); when the comparison is restricted to the 54 positions that match within 3 Å, the RMSD value is still exceptionally high at 1.71 Å. TM2 and TM5 can be superimposed relatively well, but the other helices are rotated such that conserved residues that are inside in BcTSPO move outside in MmTSPO1 ( fig. S5A ). Having the sequence redisposed to the MmTSPO1 model also removes pocket-lining conservation from interior surfaces Fig. 1A and sliced by a vertical plane perpendicular to the page, was opened as a book to show both sides of the invaginated pocket. The planar cut surfaces are gray, and exposed molecular surfaces and visible atomic structures are in ConSurf coloring as in Fig. 1E. (fig. S5C) . We also compared BcTSPO to recent structures of R. sphaeroides TSPO (RsTSPO) (25) . S1 ), and it is at the dimer interface of RsTSPO but not at that of BcTSPO ( fig. S5D ).
Both protomers of the BcTSPO-PK11195 dimer showed omit-map density in the pocket opening between TM1 and TM2 ( fig. S2F) . These contacts emanate from each of the transmembrane helices plus the TM1-TM2 loop. All among them except Ser 22 are widely conserved residues. Because the apo and ligated BcTSPO proteins are essentially isostructural, the ligand-binding site is a highly conserved cavity in apo BcTSPO (Fig. 2B ). This cavity is water-filled in our high-resolution apo structures ( fig. S6A) , and PpIX can be satisfactorily docked into the cavity in a particular orientation ( fig. S6, B and C) . The PK11195 conformation, ligand binding pose, and protein contacts are very different in the model for MmTSPO1 (fig. S5A) .
The side chain of Ala 142 protrudes into the binding pocket such that its mutation would be expected to interfere with ligand binding. In accord, recent reports show that TSPO radioligands PBR28 (21) In attempting to bind PpIX to BcTSPO, we noticed that initially red mixtures turned blue on standing out in the light for a few minutes, but not when dark. Thus, considering the reported photooxidative degradation of PpIX by Chlorobium tepidum TSPO (CtTSPO) (12), we characterized this activity of BcTSPO toward PpIX. As for CtTSPO, we observed a rapid decrease of the Soret absorbance at 405 nm when in the light (Fig. 3A) and a concomitant loss of the characteristic PpIX fluorescence at 629 and 697 nm (632 and 700 nm for BcTSPO-PpIX) when illuminated by ultraviolet (UV) light (27, 28) . These changes were irreversible, and saturated PK11195 substantially inhibited the PpIX decay but did not entirely block it.
The post-illumination absorbance spectrum of BcTSPO-PpIX is like that reported from CtTSPOPpIX (12) , and the spectrum that we extracted for the photo-degradation product shows features like those of spectra from biliverdin and phycocyanobilin, but with absorption peaks further blueshifted in series (Fig. 3B) . By analogy with biliverdin and for its indigo color, we call this product bilindigin. Because the photooxidation of PpIX yields oxidized vinyl groups, predominantly generating formyl groups when in aqueous micelles (29), and the modifications that distinguish phycocyanobilin from biliverdin are also at vinyl positions, we contemplate a formyl analog of biliverdin as a plausible product candidate ( fig. S7 ). Thus, TSPO might catalyze both the vinyl-to-formyl oxidation and also the oxidative cleavage of PpIX at the methene bridge between vinyl-bearing pyrrole rings.
A mechanistic clue for TSPO-mediated degradation of PpIX comes from the observation that the W→F mutation of a conserved tryptophan was said to abrogate PpIX degradation by CtTSPO without affecting PpIX binding (12) . In our BcTSPOPpIX model ( fig. S6C) , are poised for potential interactions with the scissile methene bridge and with the vinyl groups. To examine the possible roles of these residues in PpIX degradation, we compared the reaction for the wild type with reactions for the W138F, W51F, W51F/W138F variants, and we also tested A142T because of its relation to the polymorphic variation at the analogous position (A/T147) in Homo sapiens TSPO1 (HsTSPO1). We used the sensitive PpIX fluorescence spectrum (27, 28) to monitor the changes.
The prominent fluorescence features of free PpIX were shifted slightly and quenched appreciably (~30%) upon interaction with wild-type (WT) BcTSPO, and these features disappeared within minutes during light exposure (Fig. 3, C  and D) . Preincubation with saturated PK11195 slowed the decay of PpIX greatly (Fig. 3D ) but did not block it entirely. As for CtTSPO, the W138F mutant of BcTSPO greatly reduced the catalytic degradation of PpIX compared with the WT protein (Fig. 3, E and F) ; however, in this case, the degradation was not abolished altogether. For the W51F mutant, we saw no evidence of the product formed by WT and W138F BcTSPO. Instead, we observed a rich fluorescence spectrum (Fig. 3, G and H) with new peaks growing at 649 and 673 nm as the primary peak at 632 nm decreased. We attribute the new peaks to secondary excited states, probably due to incipient photooxidation (29) . These states are intrinsic to PpIX (fig. S8, A and B) but stabilized by TSPO (Fig. 3G and fig. S8C ) and reversed on PpIX dissociation ( fig. S8, D and E) . We conclude that Trp 51 is essential for PpIX cleavage and that Trp 138 participates in the reaction. Neither the W51F/W138F double mutant nor the A142T showed any PpIX cleavage, but each generated reversible excitation at 673 nm as the primary 632-nm fluorescence decreased (Table  1 and fig. S9 , A to D). To test for the greater generality of TSPO-mediated PpIX reactions, we produced various eukaryotic TSPO homologs. Among these we have been able to extract and purify three vertebrate proteins: Xenopus tropicalis TSPO (XtTSPO), HsTSPO1 A147T, and HsTSPO2. From the sequences ( fig. S1 ) considered in light of our analysis of BcTSPO properties, we expected that XtTSPO should degrade PpIX similarly to WT BcTSPO but that the other two would show aberrant behavior. Indeed, XtTSPO degraded PpIX, as monitored by our fluorescence assay, whereas both HsTSPO1 (Thr
147
) and HsTSPO2 (Thr   145   ) showed growth of 673-nm fluorescence at the expense of 632-nm decay but no irreversible degradation (Table 1 and fig. S9 , E to J). Because the latter behavior is as for BcTSPO A142T, we infer that having threonine at position 142 precludes cleavage-appropriate binding of PpIX in each of them. Protein instability complicated our analysis of reaction rates for the vertebrate TSPOs.
What is the chemical basis for TSPO-mediated PpIX degradation? The intrinsic photochemistry of PpIX involves the generation of singlet oxygen 1 O 2 and other reactive oxygen species (ROS) upon photostimulation (27) (28) (29) (30) , and it is evident from our observations that excited states of PpIX are stabilized when bound to TSPOs. Additionally, ROS interactions with tryptophan residues can generate tryptophan radicals, which are essential for the oxidation of aromatic substrates by lignin peroxidases (31) . We suggest that such tryptophan radicals at Trp 51 and Trp 138 (BcTSPO numbering) may be responsible for TSPO-mediated oxidation of PpIX. Radical interactions may work at a distance, and conserved Trp 31 and Trp 40 may also play a role ( fig. S10 ). Although ROS come from light in our in vitro experiments, ROS-generating cellular processes may be responsible in vivo.
What physiological role might PpIX degradation serve? Porphyrins such as PpIX are tightly controlled because they can generate toxic ROS, especially when excited by light. An incisive analysis of the role of TSPO in such control came in studies of oxidative stress in the moss Physcomitrella patens (32) . Mitochondrial PpTSPO1, which has catalytic residues the same as in BcTSPO (fig.  S1 ), was shown to be induced by oxidative stress from the inhibition of mitochondrial respiration, and knockout lines showed an accumulation of PpIX and ROS. In other studies, porphyrins exerted toxic effects on liver in the dark, generating hydroxyl radicals (33) . Biliverdin is an oxyradical scavenger and is cytoprotective (34) . We suggest that TSPO-mediated degradation of PpIX to bilindigin both reduces ROS generation and also promotes ROS neutralization. T he 18-kD translocator protein (TSPO) was first discovered as a receptor for benzodiazepine drugs in peripheral tissues and is implicated in transport of cholesterol into mitochondria, the first and rate-limiting step of steroid hormone synthesis (1, 2) . TSPO is also a major research focus due to its apparent involvement in a variety of human diseases (3) (4) (5) . Of particular interest is a human singlenucleotide polymorphism [rs6971 = Ala 147 →Thr 147 (A147T) (6)] in a region of TSPO that is highly conserved between mammals and bacteria. The mutation is associated with diminished cholesterol metabolism (7), altered ligand binding to TSPO (8) , and increased incidence of anxietyrelated disorders in humans (9) (10) (11) . Some understanding of how this mutation affects TSPO function has come from studies involving positron emission tomography (PET), which uses ligands of TSPO as sensitive imaging agents for detecting areas of inflammation in the brain (12) . A lower binding affinity toward TSPO-specific PET ligands and an increased incidence of several neurological diseases correlate directly with the presence and dosage of the allele harboring the A147T mutation (9) (10) (11) . This indicates that the TSPO mutation is responsible for the observed phenotypes, but it remains unclear how this mutation in TSPO alters cholesterol metabolism or how it is related to multiple neurological diseases.
Translocator protein from Rhodobacter sphaeroides (RsTSPO) has a 34% sequence identity with the human protein ( fig. S1 ) and is the bestcharacterized bacterial homolog in the extensive TSPO family (13) (14) (15) . Functional and mutational studies in R. sphaeroides show that RsTSPO is involved in porphyrin transport, as also reported in human (16) , and in regulating the switch from photosynthesis to respiration in response to increased oxygen (13, 17, 18) . The knock-out phenotype in R. sphaeroides can be rescued by the rat homolog (17) , indicating conserved functional properties between bacterial and mammalian organisms and establishing the value of R. sphaeroides, a close living relative of the mitochondrion (19) , as a model system to investigate structure-function relationships in TSPO.
The human mutation, A147T, is one helical turn preceding the cholesterol recognition consensus sequence (CRAC) identified as a cholesterol binding site in TSPO (20) , suggesting that altered cholesterol binding could be involved. To test this hypothesis, the corresponding mutation, A139T, was created in RsTSPO, and the binding properties of the purified protein were compared with those of the wild type. The observed lower binding affinity (four-to fivefold) for cholesterol and PK11195, as well as protoporphyrin IX (PpIX) (Fig. 1A) , is consistent with the phenotypic behavior of the human A147T polymorphism (7, 8) , further confirming RsTSPO as a valuable model system and providing strong evidence of a functional defect caused by the mutation.
In line with these observations, crystal structures of the wild type (at 2.5 Å resolution) and the A139T mutant (at 1.8 and 2.4 Å resolution) show substantial differences within the CRAC site and conformational changes that alter the structural environment within a potential ligand binding region. Although crystallized in three different space groups ( fig. S2 ), all RsTSPO structures show an identical "parallel" dimer formed from compact monomers composed of five transmembrane helices (Fig. 1, B and C) . The residues within the CRAC site and surrounding the mutation are clearly resolved in all structures, including the wild-type (WT) protein and the A139T mutant ( fig. S3 and table S1 ), providing the molecular basis for understanding the effect of this mutation.
The dimer interface (Fig. 2) is primarily composed of 37 residues, contributed by transmembrane helices TM-III (16 residues), TM-I (12 residues), and TM-IV (3 residues) and covers 1250 Å 2 (~15% of a monomer's surface area). The tight interface, unaltered by the mutation, is quite flat but displays two notable features. First, TM-III forms the central core of the hydrophobic interface, which is dominated by alanines and leucines, and reveals a G/A-xxx-G/A motif, which favors helical dimerization (21) . Second, the central core of the interface is devoid of hydrogen bond interactions; the five observed hydrogen bonds are at the periphery between TM-I and TM-III. The tight fit suggests that the dimer interface is not likely to be a transport pathway (14) . The biological relevance of a TSPO dimer is not well understood, but previous studies show that RsTSPO forms a stable dimer in detergent solution (14) , and a similar dimeric structure is observed in the low-resolution cryo-electron microscopy (EM) structure (15) (fig. S4 ). Taken together, the dimer observed in these crystals is likely to be the primary structural and functional SCIENCE sciencemag.org 30 JANUARY 2015 • VOL 347 ISSUE 6221
